Introduction {#sec1-1753425918767507}
============

Periodontitis is a microbially-induced chronic inflammatory disease that affects the gingival tissues supporting the tooth. This multifactorial chronic inflammatory condition of the periodontium represents one of the most common infectious diseases of humans. Indeed, it is estimated that over half the adult population in the USA will experience some form of periodontal disease.^[@bibr1-1753425918767507][@bibr2-1753425918767507][@bibr3-1753425918767507]--[@bibr4-1753425918767507]^ Periodontal disease and the presence of periodontal pathogens have been linked to an increased risk for the development of serious systemic inflammatory conditions such as atherosclerosis, diabetes, and rheumatoid arthritis.^[@bibr2-1753425918767507],[@bibr5-1753425918767507]^ The contribution to periodontal disease of a relatively small group of putative pathogens including *Porphyromonas gingivalis*, *Tannerella forsythia*, and *Treponema denticola* is well established.^[@bibr1-1753425918767507],[@bibr6-1753425918767507]^ However, the recent identification of bacterial species directly from nucleic acid sequencing, has led to a reappraisal of the microbial etiology of periodontitis. Several newly recognized organisms, such as *Filifactor alocis*, have been found to be elevated in periodontal disease sites as compared to healthy sites.^[@bibr5-1753425918767507],[@bibr7-1753425918767507],[@bibr8-1753425918767507]^ *F. alocis* is a slow-growing, Gram-positive anaerobe and possesses a number of virulence properties consistent with a role in periodontal disease.^[@bibr9-1753425918767507][@bibr10-1753425918767507][@bibr11-1753425918767507][@bibr12-1753425918767507]--[@bibr13-1753425918767507]^

Neutrophils are professional phagocytic polymorphonuclear leukocytes that function as the principal innate immune cell abundantly recruited to the periodontal pocket, in response to both bacterial- and host-derived factors. They contribute to the maintenance of periodontal health through employing various killing mechanisms intended to protect the tissue against bacterial infection.^[@bibr14-1753425918767507],[@bibr15-1753425918767507]^ One such mechanism of host-defense described in 2004 by Brinkmann et al. is the formation of neutrophil extracellular traps (NETs).^[@bibr16-1753425918767507],[@bibr17-1753425918767507]^ Although significant progress has been made since the discovery of NETs, questions still remain regarding their composition, role, regulation, and contribution to disease development and progression.^[@bibr18-1753425918767507]^ Additionally, findings from studies of NETs remain controversial, especially whether their effects are beneficial to the host, as they trap and kill microorganisms, or detrimental to the host, as they extrude self-DNA potentially triggering an auto immune response.^[@bibr18-1753425918767507]^ Regulation of NET formation is therefore crucial to ensure production and clearance processes occur when it is most beneficial to the host.^[@bibr19-1753425918767507]^

In NET formation, neutrophils undergo nuclear decondensation, cell membrane disintegration, and eventual extrusion of their DNA extracellularly.^[@bibr20-1753425918767507]^ The DNA structures contain numerous granular proteins, such as myeloperoxidase (MPO), neutrophil elastase (NE), and histones, which give NETs their antimicrobial properties.^[@bibr20-1753425918767507],[@bibr21-1753425918767507]^ This is a dynamic process which can occur in viable or dying neutrophils, and is effective in trapping bacteria due to electrostatic charge interactions and in killing due to localized high concentrations of antimicrobial peptides.^[@bibr20-1753425918767507],[@bibr22-1753425918767507][@bibr23-1753425918767507][@bibr24-1753425918767507]--[@bibr25-1753425918767507]^ Depending on the stimuli used for neutrophil activation, NADPH oxidase activation and production of intracellular reactive oxygen species (ROS) may or may not be precede and be required for NET formation.^[@bibr21-1753425918767507],[@bibr22-1753425918767507],[@bibr25-1753425918767507][@bibr26-1753425918767507]--[@bibr27-1753425918767507]^

In the oral cavity, it has been reported that NETs are formed in the gingival epithelium and can initiate a first response to periodontal bacteria.^[@bibr28-1753425918767507]^ In the context of periodontal disease, both excessive and ineffective NET production have been associated with development of the disease, highlighting the importance of strict regulation.^[@bibr29-1753425918767507]^ In order to combat NETs produced by the host, several oral bacteria can produce DNases, which degrade DNA, rendering NETs ineffective.^[@bibr29-1753425918767507]^ However, it is also possible that in the environment rich with crevicular exudate outflow, bacterial DNases may not be able to function optimally in degrading NET DNA, and thus NETs may effectively entrap and clear pathogens.^[@bibr29-1753425918767507]^

In this study, we examined the effect of *F. alocis* on NET formation by human neutrophils. We tested the hypothesis that *F. alocis* stimulation inhibits NET responses in neutrophils. In addition, we compared NET responses between *F. alocis* and two other oral bacteria.

Materials and methods {#sec2-1753425918767507}
=====================

Neutrophil isolation {#sec3-1753425918767507}
--------------------

Blood draws were performed from healthy donors and neutrophils were isolated using plasma-Percoll gradients as previously described.^[@bibr30-1753425918767507]^ Recruitment of donors as well as the blood draws were in accordance with the guidelines approved by the Institutional Review Board of the University of Louisville. Isolated cells showed that ≥90--95% were neutrophils by microscopic evaluation of cytospins and Wright staining. Trypan blue exclusion indicated that \>97% of cells were viable.

Bacterial strains, growth conditions, and preparation {#sec4-1753425918767507}
-----------------------------------------------------

*F. alocis* ATCC 38596 was cultured in brain heart infusion (BHI) broth supplemented with [L]{.smallcaps}-cysteine (0.1%) and arginine (20%) for 7 d anaerobically at 37℃ as previously described.^[@bibr10-1753425918767507],[@bibr31-1753425918767507]^ Opsonized *F. alocis* was prepared in 10% normal human serum at 37℃ for 20 min, and cultures were washed three times with PBS prior to use (Complement Technology, Tyler, TX). For fluorescence microscopy assays, *F. alocis* was labeled with 5(6)-carboxyfluorescein *N*-hydroxysuccinimide ester (CFSE; Life Technologies, 4 mg/ml) for 30 min at room temperature (20--25℃) in the dark, and the cultures were washed three times with PBS prior to use. *Streptococcus gordonii* strain DL1 was cultured in BHI broth overnight (20 h) anaerobically at 37℃. *Peptoanaerobacter stomatis*, strain CM2,^[@bibr32-1753425918767507]^ was cultured in trypticase soy broth supplemented with 20 g/l yeast extract, 1% hemin, and 1% reducing agent overnight anaerobically at 37℃ as previously described.^[@bibr33-1753425918767507]^ *P. stomatis* and *S. gordonii* were labeled with CFSE (4 mg/ml) or hexidium iodide (HI; Life Technologies, 5 mg/ml) for 30 min at room temperature in the dark, and the cultures were washed three times with PBS prior to use.

NETs immunofluorescence microscopy {#sec5-1753425918767507}
----------------------------------

To assess NET formation by neutrophils, we used an adaption of a previously described method.^[@bibr34-1753425918767507]^ Neutrophils (1 × 10^6^ cells/condition) were seeded onto sterile 12 mm coverslips in a 24-well plate in NETs assay media (RPMI + 0.5% BSA + 10 mM HEPES) and incubated for 1 h at 37℃ with 5% CO~2~ to allow cells to attach to coverslips. After 1 h incubation, neutrophils were left unstimulated, or stimulated with phorbol 12-myristate 13-acetate (PMA, Sigma, 50 nM), or challenged with CFSE-labeled non-opsonized or opsonized *F. alocis*, CFSE-labeled *S. gordonii*, or CFSE-labeled *P. stomatis*. Neutrophil challenges with PMA or the different oral bacteria were for 180 min.

For co-infection studies, neutrophils were challenged with HI-labeled *S. gordonii* + CFSE-labeled non-opsonized or opsonized *F. alocis* for 180 min, or with HI-labeled *P. stomatis* + CFSE-labeled non-opsonized or opsonized *F. alocis* for 180 min.

For degradation of pre-formed NETs, neutrophils were challenged with HI-labeled *S. gordonii* or *P. stomatis* for 90 min to induce NETs. Following the initial 90 min of *S. gordonii* or *P. stomatis* stimulation, neutrophils were challenged with CFSE-labeled non-opsonized or opsonized *F. alocis* for an additional 90 min. For the priming assays, neutrophils were stimulated with TNF-α (2 ng/ml) or stimulated with TNF-α for 10 min followed by a challenge with either CFSE-labeled non-opsonized or opsonized *F. alocis*. For inhibition of NETs, neutrophils were stimulated with PMA (50 nM, 180 min) or challenged with HI-labeled *S. gordonii* or HI-labeled *P. stomatis* or pre-treated with CFSE-labeled non-opsonized or opsonized *F. alocis* (MOI 10, 60 min) followed by the different NET inducers PMA or HI-labeled *S. gordonii* or HI-labeled *P. stomatis.*

For bacterial-challenged conditions, phagocytosis was synchronized by centrifugation at 600 *g* at 14℃ and plates were incubated at 37℃ with 5% CO~2~ for the different experimental conditions. Followed by 2% paraformaldehyde for 2 h and blocked overnight at 4℃ with 1% BSA. Following day cells were stained with MPO Ab (Biolegend, 667802, 1:1000) at 37℃ with 5% CO~2~ for 1 h. Followed by washings steps and staining with secondary Ab AlexaFluor 647 (Life Technologies, 1:1000). DAPI (3 µM) was applied for 5 min at room temperature as a nuclear stain and cells were washed in PBS 1 time for 5 min. Confocal images (1 µm thickness for each slice) were obtained using a Fluoview FV1000 confocal microscope with a 63X oil objective to determine NET induction. Ten images taken randomly from different regions of each coverslip in an experiment were taken.

To quantify the NET formation, we used methods previously described.^[@bibr19-1753425918767507]^ The image files were loaded as separate image stacks for each channel in ImageJ/FIJI software. To collect the data of total cell number in the DAPI fluorescence image stack, automatic particle analysis was set to 20 pixels minimum size and summarized the result output. To collect the data of total cell number in the MPO fluorescence image stack, automatic particle analysis was set to 75 pixels minimum size and summarized the result output. The output list results were imported into an Excel spreadsheet for further processing. The percentage of NETs formed was calculated by the following formula: NET-rate (%) = 100 × objects counted (MPO channel)/objects counted (DAPI channel). The percentage of NETs formed was calculated for each of the ten images per condition acquired and then summarized as an average per condition.

NE extracellular release assay {#sec6-1753425918767507}
------------------------------

The Cayman Chemical NETosis assay kit, which allowed for the detection of extracellular NE present on NETs and distinguish it from the NE release due to granule exocytosis, was used to quantify NETs induced by *F. alocis*. Neutrophils (1 × 10^6^ cells/condition) were seeded into a 24-well plate in NETs assay media (RPMI + 0.5% BSA + 1 M CaCl~2~) and incubated for 30 min at 37℃ with 5% CO~2~ to allow cells to settle. After 30 min incubation, neutrophils were left unstimulated, or challenged with non-opsonized or opsonized *F. alocis* for different time points. Phagocytosis was synchronized by centrifugation at 600 *g* at 14℃. The assay was performed according to the manufacturer's protocol. The ability of extracellular NE, present in the supernatants, to cleave the synthetic substrate was measured at 405 nm using a SpectraMax Soft Max Pro 5.4 spectrophotometer. NE values are expressed as mU/ml.

Statistical analysis {#sec7-1753425918767507}
--------------------

For all the experimental conditions tested in this study, data were statistically analyzed by one-way ANOVA with the Tukey--Kramer multiple-comparison test or paired two-tailed Student's *t*-test (GraphPad Prism software, San Diego, CA, USA). Differences were considered statistically significant at the level of *P* \< 0.05.

Results {#sec8-1753425918767507}
=======

*F. alocis* challenge of human neutrophils resulted in minimal NET induction, independent of opsonization or bacterial dose {#sec9-1753425918767507}
---------------------------------------------------------------------------------------------------------------------------

Since NETs have implications in development of periodontal disease and can be found in oral biofilms, we used immunostaining to determine if *F. alocis* is capable of inducing NET formation in human neutrophils.^[@bibr23-1753425918767507],[@bibr29-1753425918767507],[@bibr35-1753425918767507]^ As it has been demonstrated that NETs can be induced at an early or late time point depending on the stimulus,^[@bibr22-1753425918767507],[@bibr23-1753425918767507]^ we performed a time course of *F. alocis* challenge. Assessed by confocal microscopy, PMA, a known pharmacological stimulus of NETs at 180 min, induced robust NET formation, as indicated by the presence of colocalization of neutrophil DNA and MPO, an antimicrobial protein present in azurophil granules ([Figure 1](#fig1-1753425918767507){ref-type="fig"}). However, quantification of NET formation from 10 different fields of view, of neutrophils from three independent donors challenged with opsonized *F. alocis* induced minimal NET formation over 15--180 min. Less than 5% NETs were produced in response to *F. alocis*, similar to the level with unchallenged neutrophils ([Figure 1](#fig1-1753425918767507){ref-type="fig"}). Previous studies determined that the presence of serum and complement could have a negative impact on NET induction,^[@bibr25-1753425918767507],[@bibr36-1753425918767507]^ therefore we challenged neutrophils with non-opsonized *F. alocis*. Similar to the opsonized bacteria and the unchallenged neutrophils, the non-opsonized *F. alocis* induced minimal NET formation across the time course ([Figure 1](#fig1-1753425918767507){ref-type="fig"}b). These data suggest that failure of *F. alocis* to induce NETs is independent of serum opsonization. Several studies have reported that NET induction by neutrophils requires the extracellular release of NE,^[@bibr37-1753425918767507][@bibr38-1753425918767507]--[@bibr39-1753425918767507]^ and thus we also measured NE in neutrophil supernatants. High levels of NE were detected from the supernatants collected after 2 h stimulation with the positive control, PMA (46 mU/ml, *n* = 2 independent donors). However, between 15 and 60 min after *F. alocis* challenge, NE levels were lower than the levels of unstimulated cells (data not shown). At the 2 h time point, similar low levels of NE were detected in the supernatants from non-opsonized (12 mU/ml, *n* = 2 independent donors) or opsonized (12.7 mU/ml, *n* = 2 independent donors) *F. alocis*. Overall these results indicate that *F. alocis* does not induce NET formation independent of opsonization or time. Figure 1.*F. alocis* challenge fails to induce NET formation by human neutrophils independent of time or serum opsonization. Neutrophils were unchallenged (Basal), exposed to PMA (50 nM, 180 min) or challenged with CFSE-labeled viable opsonized or non-opsonized *F. alocis* (MOI 10) for 15, 30, 60, 90, and 180 min. Following infection, cells were fixed and immunostained using Abs directed against MPO (AlexaFluor647), DNA stained with DAPI, and imaged for NET immunofluorescence by confocal microscopy. (a) Representative confocal images (from 4 independent experiments of 100 quantified cells per experiment) of basal neutrophils, neutrophils challenged with CFSE-labeled opsonized *F. alocis* or neutrophils exposed to PMA (180 min). CFSE-*F. alocis* (shown in green); Neutrophil nucleus/DNA-DAPI (shown in blue); neutrophil MPO (AlexaFluor647 shown in red), Merge image: NET formation. (b) Quantification of percentage of NETs formed using ImageJ analysis*.* Data are expressed as means of % NETs formed ± SEM from four independent experiments.

Previous studies have reported an association between increasing amounts of bacteria and the induction of NETs,^[@bibr40-1753425918767507],[@bibr41-1753425918767507]^ therefore we examined whether higher MOIs of *F. alocis* from MOI 10 to 100, would induce significant NET formation. Minimal NET formation by neutrophils challenged with MOI 10, 50, and 100 of non-opsonized or opsonized *F. alocis* was observed ([Figure 2](#fig2-1753425918767507){ref-type="fig"}a and b). Figure 2.*F. alocis* challenge at increasing MOIs fails to induce NET formation by human neutrophils. Neutrophils were challenged with CFSE-labeled viable non-opsonized *F. alocis* (MOI 10, 50, and 100) or with opsonized *F. alocis* (MOI 10, 50, and 100) for 180 min. Following infection, cells were fixed and immunostained using Abs directed against MPO (AlexaFluor647), DNA was stained with DAPI, and imaged for NET immunofluorescence by confocal microscopy. (a) Representative confocal images (from 3 independent experiments of 100 quantified cells per experiment) of neutrophils challenged with CFSE-labeled non-opsonized *F. alocis* (MOI 10-50-100) for 180 min or neutrophils challenged with CFSE-labeled opsonized *F. alocis* (MOI 10-50-100) for 180 min. CFSE-*F. alocis* (shown in green); neutrophil nucleus/DNA-DAPI (shown in blue); neutrophil MPO (AlexaFluor647 shown in red), merge image: NET formation. (b) Quantification of percentage of NETs formed using ImageJ analysis*.* Data are expressed as means of % NETs formed +/- SEM from 3 independent experiments. (c) Neutrophils were stimulated with TNF-α (10 min) or challenged with CFSE-labeled non-opsonized *F. alocis* (MOI 10), or CFSE-labeled opsonized *F. alocis* (MOI 10) for 180 min, or pretreated with TNF-α (10 min) followed by CFSE-labeled non-opsonized *F. alocis* (MOI 10) challenge, or CFSE-labeled opsonized *F. alocis* (MOI 10) challenge for 180 min. Following infection, cells were fixed and immunostained using Abs directed against MPO (AlexaFluor647), DNA stained with DAPI, and imaged for NET immunofluorescence by confocal microscopy. Quantification, using ImageJ analysis, of percentage of NETs formed from neutrophils at the different experimental conditions detailed above was performed. Data are means ± SEM from four independent experiments. \**P* \< 0.05

Primed neutrophils operate in a pre-activated state, where upon encountering a secondary stimulus, they will induce a robust response,^[@bibr42-1753425918767507]^ and it has been reported that neutrophils from patients with periodontal disease display a primed phenotype.^[@bibr43-1753425918767507]^ As it has been determined that priming of neutrophils can enhance NET production,^[@bibr17-1753425918767507]^ we sought to determine if primed neutrophils that were subsequently challenged with *F. alocis* would induce significant NET production. Neutrophils were pretreated with TNF-α, a known priming agent, and then challenged with non-opsonized or opsonized *F. alocis* for 180 min. The results showed that exposing neutrophils to TNF-α alone for 3 h induced significantly higher NET formation compared to cells challenged with either non-opsonized or opsonized *F. alocis* ([Figure 2](#fig2-1753425918767507){ref-type="fig"}c). No increase in NET formation was observed when TNF-α-primed neutrophils were challenged with non-opsonized or opsonized *F. alocis* compared to the TNF-α alone condition ([Figure 2](#fig2-1753425918767507){ref-type="fig"}c). Overall these data show that *F. alocis* does not induce NET formation when exposed to naïve or primed neutrophils.

*F. alocis* cannot significantly enhance or inhibit NETs in a co-infection setting and cannot degrade pre-formed NETs {#sec10-1753425918767507}
---------------------------------------------------------------------------------------------------------------------

Our results thus far indicate that NETs were not formed when neutrophils were infected with *F. alocis*. Next, we wanted to determine if other Gram-positive oral bacteria would trigger a similar neutrophil response. Neutrophils were challenged with the emerging oral pathogen *P. stomatis*, which strongly activates human neutrophils by inducing high ROS production and degranulation;^[@bibr33-1753425918767507]^ however, the ability of this organism to trigger NET formation has not been described. In addition, the ability of the oral commensal *S. gordonii* to induce NET formation was previously reported,^[@bibr44-1753425918767507]^ and thus served as a good positive control for this functional response. After challenging neutrophils with *P. stomatis* or *S. gordonii* at MOI 10 for 15--180 min, NET formation was detected for both organisms only at the 180 min (data not shown). Next, neutrophils were challenged with increasing MOIs from 10 to 100 with either *P. stomatis* or *S. gordonii* and NET formation visualized by confocal microscopy after 180 min ([Figure 3](#fig3-1753425918767507){ref-type="fig"}a and c). *P. stomatis* induced NET formation which was similar across MOI 10, 50 and 100, while *S. gordonii* elicited a dose-dependent increase in NET formation ([Figure 3](#fig3-1753425918767507){ref-type="fig"}b and d). Figure 3.Both *P. stomatis* and *S. gordonii* induce NET formation by human neutrophils. Neutrophils were unchallenged (Basal), or challenged with CFSE-labeled *P. stomatis* (MOI 10, 50, and 100), or CFSE-labeled *S. gordonii* (MOI 10, 50, and 100) for 180 min. Following infection, cells were fixed and immunostained using Abs directed against MPO (AlexaFluor647), DNA stained with DAPI, and imaged for NET immunofluorescence by confocal microscopy. (a, c) Representative confocal images (from 3 independent experiment of 100 quantified cells per experiment) of CFSE-labeled *P. stomatis* or *S. gordonii* challenged neutrophils at 180 min at MOI 10, 50 and 100, respectively. CFSE-*P. stomatis* or *S. gordonii* (shown in green); neutrophil nucleus/DNA-DAPI (shown in blue); neutrophil MPO (AlexaFluor647 shown in red); merge image: NET formation. (b, d) Quantification of percentage of NETs formed, by *P. stomatis* or *S. gordonii*, using ImageJ*.* Data are expressed as means of % NETs formed ± SEM from three independent experiments. \**P* \< 0.05, \*\*\**P* \< 0.0001. ns, non-significant.

To investigate the impact of *F. alocis* on NETs in the context of an oral community, we performed co-infection studies with *F. alocis* and *S. gordonii* or *P. stomatis*. In comparison with *S. gordonii* (MOI 100) alone at 180 min, there was no significant change in NET formation when neutrophils were co-infected with non-opsonized or opsonized *F. alocis* (MOI 10) and *S. gordonii* (MOI 100) for 180 min ([Figure 4](#fig4-1753425918767507){ref-type="fig"}a). Similarly, no significant change in NET formation was observed in co-infected neutrophils with *P. stomatis* (MOI 50) with either non-opsonized or opsonized *F. alocis* (MOI 10) compared to *P. stomatis* alone ([Figure 4](#fig4-1753425918767507){ref-type="fig"}b). These results show that in co-infected neutrophils, *F. alocis* could not inhibit or prevent *S. gordonii* and *P. stomatis* induction of NETs. We next sought to determine if *F. alocis* could actively degrade NETs that were pre-formed by *S. gordonii* and *P. stomatis*. Neutrophils were challenged with *S. gordonii* (MOI 100) for 90 min followed by challenge with either non-opsonized or opsonized *F. alocis* (MOI 10) for additional 90 min. No degradation of NET formation induced by *S. gordonii* was observed in the presence of *F. alocis* ([Figure 4](#fig4-1753425918767507){ref-type="fig"}c). Similarly, when neutrophils were challenged with *P. stomatis* (MOI 50, for 90 min), no degradation of NETs were observed with the subsequent presence of *F. alocis* ([Figure 4](#fig4-1753425918767507){ref-type="fig"}d). These results indicate that *F. alocis* lacks the ability to degrade NETs that were formed by *S. gordonii* or *P. stomatis* challenge. Figure 4.In co-infection studies, *F. alocis* has no impact on either inhibition of NET formation or degradataion of pre-formed NETs induced by *S. gordonii* or *P. stomatis*. (a) Neutrophils were challenged with HI-labeled *S. gordonii* (MOI 100, Alone), or co-infected with HI-labeled *S. gordonii* (MOI 100) + CFSE-labeled non-opsonized *F. alocis* (MOI 10, Non-op) or CFSE-labeled opsonized *F. alocis* (MOI 10, Op) for 180 min; or (b) challenged with HI-labeled *P. stomatis* (MOI 50, Alone), or co-infected with HI-labeled *P. stomatis* (MOI 50) + CFSE-labeled non-opsonized *F. alocis* (MOI 10, Non-op) or CFSE-labeled opsonized *F. alocis* (MOI 10, Op) for 180 min. Following infection, cells were fixed and immunostained using Abs directed against MPO (AlexaFluor647), DNA stained with DAPI, and imaged for NET immunofluorescence by confocal microscopy. (a, b) Quantification of percentage of NETs formed using ImageJ analysis*.* In (a), data are expressed as means of % NETs ± SEM from four independent experiments. In (b), data are means ± SEM from three independent experiments. ns, non-significant. (c) Neutrophils were challenged with HI-labeled *S. gordonii* (MOI 100, Alone) for 180 min, or HI-labeled *S. gordonii* (MOI 100) for 90 min and then infected with CFSE-labeled non-opsonized *F. alocis* (MOI 10, Non-op) or CFSE-labeled opsonized *F. alocis* (MOI 10, Op) for additional 90 min or (d) challenged with HI-labeled *P. stomatis* (MOI 50, Alone) for 180 min, or HI-labeled *P. stomatis* (MOI 50) for 90 min and then infected with CFSE-labeled non-opsonized *F. alocis* (MOI 10, Non-op) or CFSE-labeled opsonized *F. alocis* (MOI 10, Op) for additional 90 min. Following infection, cells were fixed and immunostained using Abs directed against MPO (AlexaFluor647), DNA stained with DAPI, and imaged for NET immunofluorescence by confocal microscopy. (c, d) Quantification of percentage of NETs formed using ImageJ analysis*.* Data are expressed as means of % NETs ± SEM from three independent experiments. ns, non-significant.

*F. alocis* can manipulate neutrophils ability to induce NETs {#sec11-1753425918767507}
-------------------------------------------------------------

Thus far, our data showed that in co-infection studies *F. alocis* was not able to prevent NETs induced by the other two Gram-positive oral bacteria; next, we wanted to determine if pre-exposure of neutrophils to *F. alocis* could inhibit bacteria-induced NETs. To test this hypothesis, neutrophils were pre-treated with non-opsonized or opsonized *F. alocis* for 60 min before *S. gordonii* challenge. Quantification of NET formation from three independent donors, showed no significant change when neutrophils were pre-treated with either non-opsonized or opsonized *F. alocis* compared to *S. gordonii* alone ([Figure 5](#fig5-1753425918767507){ref-type="fig"}a). Similarly, pre-treatment of neutrophils with either non-opsonized or opsonized *F. alocis* prior to *P. stomatis* challenge resulted in no significant change when compared to the percentage of NETs formed by *P. stomatis* alone ([Figure 5](#fig5-1753425918767507){ref-type="fig"}b). Figure 5.Pretreatment with *F. alocis*, in the presence or absence of serum, had no effect on either *S. gordonii* or *P. stomatis*-induced NETs. (a) Neutrophils were challenged with HI-labeled *S. gordonii* (MOI 100, Alone) for 180 min or pre-treated with non-opsonized (Non-op) or opsonized (Op) CFSE-labeled *F. alocis* for 60 min and then challenged with HI-labeled *S. gordonii* (MOI 100) for 180 min. (b) Neutrophils were challenged with HI-labeled *P. stomatis* (MOI 50, Alone) for 180 min or pre-treated with non-opsonized (Non-op) or opsonized (Op) CFSE-labeled *F. alocis* for 60 min and then challenged with HI-labeled *P. stomatis* (MOI 50) for 180 min. In both (a) and (b), following infection, cells were fixed, exposed to Abs directed against MPO (Red- AlexaFluor647), stained with DAPI, and then imaged for NET immunofluorescence by confocal microscopy. Quantification of percentage of NETs formed using ImageJ analysis*.* Data are expressed as means of % NETs ± SEM from three independent experiments. ns, non-significant.

Next, we wanted to determine if *F. alocis* pre-treatment of neutrophils could impact PMA induction of NETs ([Figure 6](#fig6-1753425918767507){ref-type="fig"}a). There was a significant 30% reduction in NET formation when neutrophils were pretreated with opsonized *F. alocis* (MOI 10) followed by PMA stimulation when compared to PMA alone ([Figure 6](#fig6-1753425918767507){ref-type="fig"}b). Pre-treatment of neutrophils with opsonized *F. alocis* at a higher MOI of 100, showed a significant 40% inhibition of PMA-induced NETs ([Figure 6](#fig6-1753425918767507){ref-type="fig"}c). A similar inhibitory effect was observed when neutrophils were pre-treated with non-opsonized *F. alocis* followed by PMA (data not shown). Next, we wanted to determine if *F. alocis* inhibition of PMA-induced NETs was mediated by secreted *F. alocis* products. To test this possibility, neutrophils were pre-treated with *F. alocis* culture supernatants followed by PMA stimulation. The results showed that pre-treatment with the *F. alocis* culture supernatant had no inhibitory effect on PMA induced NET formation compared to PMA alone ([Figure 6](#fig6-1753425918767507){ref-type="fig"}d). Overall, these results indicate that pre-treatment with *F. alocis*, but not its secreted products, could inhibit PMA-induced NET formation. Figure 6.*F. alocis* pre-treatment causes a significant decrease in NET formation induced by PMA. Neutrophils were challenged with PMA for 180 min, or pre-treated with opsonized CFSE-labeled *F. alocis* (MOI 10 or 100) for 60 min and then exposed to PMA for 180 min. Following infection, cells were fixed and immunostained using Abs directed against MPO (AlexaFluor647), DNA stained with DAPI, and imaged for NET immunofluorescence by confocal microscopy. (a) Representative confocal images (from 3 independent experiment of 100 quantified cells per experiment) of neutrophils stimulated with PMA only (Alone), or pretreated for 60 min with op-CFSE-labeled *F. alocis* followed by PMA stimulation for 180 min. Neutrophil nucleus/DNA-DAPI (shown in blue); neutrophil MPO (AlexaFluor647 shown in red), Merge image: NET formation and CFSE-*F. alocis* (shown in green). (b, c) Quantification of percentage of NETs formed using ImageJ analysis*.* Data are expressed as means of % NETs ± SEM from four independent experiments in (b) and three independent experiments in (c) \* *P* \< 0.05. (d) Neutrophils were challenged with PMA only (Alone) for 180 min, or pre-treated with *F. alocis* culture supernatants for 60 min and then exposed to PMA for 180 min. Quantification of percentage of NETs formed used ImageJ analysis*.* Data are expressed as means of % NETs ± SEM from three independent experiments. ns, non-significant.

Discussion {#sec12-1753425918767507}
==========

Given that neutrophils represent the most abundant and highly recruited innate immune cell to the periodontal pocket, processes such as NET production are an important component of the host-microbe interface. Previous literature has linked NET formation to other chronic inflammatory conditions,^[@bibr29-1753425918767507]^ and *in vivo* studies have detected NETs in the oral biofilm, the saliva, and the crevicular exudate.^[@bibr44-1753425918767507]^ NETs could serve as a more efficient mechanism of control and clearance by neutrophils in the oral cavity, as in this environment, bacteria are widely dispersed and phagocytosis is not always effective.^[@bibr27-1753425918767507]^ In the present study, we demonstrated that *F. alocis* fails to trigger NET formation by human neutrophils, independent of time of challenge, opsonization and MOI. However, *F. alocis* can manipulate neutrophils in order to inhibit their ability to effectively produce NETs in response to a known pharmacological inducer, PMA*.*

Different factors can impact and influence NET production, one of these being the MOI of the bacterial challenge.^[@bibr20-1753425918767507]^ For example, studies performed with a Gram-negative oral pathogen, *Aggregatibacter actinomycetemcomitans*, showed that NET production was dependent on bacterial load.^[@bibr40-1753425918767507]^ Studies performed with *Burkholderia pseudomallei* showed that with increasing MOI and later time intervals, more NETs were formed.^[@bibr41-1753425918767507]^ However, in our study, increasing *F. alocis* dose, in the presence or absence of serum, did not result in NET production. On the other hand, our findings showed that release of NETs induced by *S. gordonii* was dose dependent. Similarly to the observations obtained in this study where *S. gordonii* challenge at MOI 10 produced ∼ 10% NET formation, Hirschfeld et al. reported NET formation was observed by a variety of oral bacteria, including *S. gordonii*, taken from supragingival biofilm and whole saliva samples in healthy donors.^[@bibr44-1753425918767507]^ Furthermore, a recent study compared the ability of several oral bacteria to induce ROS production and NET formation in human neutrophils.^[@bibr45-1753425918767507]^ Although the oral bacteria tested were heat-killed and at much higher MOI (1000), *S. gordonii* was one of the organisms, together with *Veillonella parvula*, to induce higher percentages of NETs as well as high ROS production compared to the keystone pathogen *P. gingivalis*.^[@bibr45-1753425918767507]^ The present study, to the best of our knowledge, is the first to report that *F. alocis* does not induce NET formation; in contrast to another emerging oral pathogen, *P. stomatis*, that is able to induce NET formation.

Previous work demonstrated that priming neutrophils with TNF-α can induce NET formation.^[@bibr17-1753425918767507]^ Neutrophils arriving at the gingival tissue are primed and hence could promote more release of NETs. However, based on our *in vitro* findings, *F. alocis* will not induce release of NETs even if exposed to TNF-α-primed neutrophils. These results would suggest that *F. alocis* interaction with neutrophils in the inflamed gingival tissue will not contribute to NET release. In the gingival tissue there are several priming agents besides TNF-α that could activate neutrophils. Hence future studies may determine if these results are specific to TNF-α priming or if this result would change when neutrophils are exposed to different priming agents such as IL-8 or C5a.

NET formation is a dynamic process and depending on the stimuli it can occur within 10 min upon *S. aureus* challenge or take more time to occur between 90 and 180 min upon PMA stimulation.^[@bibr23-1753425918767507],[@bibr46-1753425918767507]^ The time course studies performed with *F. alocis* show that there was no significant induction of NETs at any time point tested up to 180 min. In co-infection conditions, a potential *in vivo* scenario at the gingival tissue, *F. alocis* did not inhibit or exacerbate NETs formed by either *S. gordonii* or *P. stomatis*. However, if *F. alocis* challenge preceded challenge with the pharmacological inducer, PMA, there was a significant reduction in NET formation. Similarly, *Bordetella parapertussis* utilizes adenylate cyclase toxin (CyaA) to inhibit ROS production, which further inhibits PMA-induced NET formation.^[@bibr47-1753425918767507]^ Additionally, probiotic *Lactobacillus rhamnosus* was determined to be effective in inhibiting both PMA- and *S. aureus*-induced NETs in murine neutrophils and HL-60 neutrophil-like cell lines.^[@bibr48-1753425918767507]^ Our results lead us to conclude that *F. alocis* is most likely manipulating neutrophil signaling mechanisms that lead to NET formation, because when NETs are pre-formed, they cannot be degraded by the organism. However, *F. alocis* is capable of preventing NET formation even after exposure to known inducers like PMA.

While the potential signaling pathways leading to NET formation have been outlined, few studies have been able to identify signaling mechanism involved in NET inhibition. A recent study found that TLR signaling could be linked to NET formation, as observed with anti-inflammatory drug, dexamethasone treatment on *S. aureus* and PMA-induced NETs.^[@bibr49-1753425918767507]^ Another recent study, looking at the ROS production and NET formation by several oral bacteria, showed that inhibition of TLR3,7, and 9, through the use of chloroquine, or TLR2 and 4, through the use of oxidized 1-palmitoyl-2-arachidonoyl-*sn*-glycero-3-phosphocholine, had no significant impact on bacteria-induced ROS or NET formation.^[@bibr45-1753425918767507]^ *F. alocis* promotes neutrophil granule exocytosis which is dependent on TLR2 and phosphorylation of both p38MAPK and ERK1/2;^[@bibr31-1753425918767507]^ however, which mechanism(s) *F. alocis* may use to inhibit PMA-induced NETs are currently under investigation in our laboratory.

It has been reported that numerous Gram-positive bacteria, such as *S. pneumoniae*, express DNases, which can aid in NET degradation.^[@bibr50-1753425918767507]^ The production of extracellular nucleases is well established for bacterial pathogens, including anaerobes, however their role in virulence is only recently appreciated.^[@bibr16-1753425918767507],[@bibr28-1753425918767507]^ Recently, it was determined that *Neisseria gonorrhoeae* produces a heat-stable thermonuclease (Nuc), which provides the bacterium an effective virulence factor against NETs, as it is capable of DNA degradation, and results in bacterial survival.^[@bibr51-1753425918767507]^ A thermonuclease was found in a proteomic analysis of *F. alocis* culture supernatants performed in our laboratory (unpublished observation); however, no significant reduction in PMA-induced NET formation was found in the presence of *F. alocis* culture supernatants. These results would suggest that although *F. alocis* possesses a thermonuclease, it may be present at a low concentration, therefore ineffective in degradation of NETs in our *in vitro* studies. Future studies in our laboratory are aimed at generating a *F. alocis* recombinant thermonuclease and titrating its potential effect on degradation of NETs.

In conclusion, the findings reported in this study show that *F. alocis* does not trigger the formation of NETs. Moreover, *F. alocis* is effective in manipulating neutrophils to impair their ability to form NETs, through a yet-to-be-determined mechanism. For *F. alocis*, this could ensure its survival as well as provide benefits to the entire oral community, as it can manipulate neutrophil deployment of NET formation, helping other bacteria that would normally be recognized and effectively killed by NETs to go undetected, further leading to their survival and persistence in the oral cavity. This could be especially important for those bacteria that are not effectively internalized, and neutrophils relying on extracellular killing mechanisms to clear the organism. In addition, this study provides novel findings about the different neutrophil responses provoked by the interaction with two emerging oral pathogens, *F. alocis* and *P. stomatis*. In the disease setting, it is tempting to speculate that neutrophils infected with *F. alocis* would be less effective in the release of NETs upon later encounter by *P. stomatis*; a scenario that might benefit the bacterial survival, and hinder neutrophils in their ability to control the dysbiotic community and resolve inflammation.
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